ABSTRACT. Taurine, required by the fetus for nutrition and neurological development, is inadequately synthesized by the fetus and substantial quantities of the amino acid are supplied by the mother. Maternal to fetal unidirectional taurine transport was studied in in vitro perfused human placentae from normal term deliveries. To determine whether the placenta can achieve and maintain a chemical gradient for taurine, recirculating equimolar maternal and fetal perfusions were performed. The ratio of fetallmaternal taurine concentration increased over 75 min and was maintained at 1.38 f 0.14 (SEM) through 2.25 h (n = 6).
Taurine, 2-aminoethanesulfonic acid, is a B-amino acid important for fetal and neonatal nutrition and neurologic development (1-4). It can be synthesized by mature liver and other tissues from methionine and cysteine and, therefore, is not an essential nutrient in adults. However, the human fetus and newborn have inadequate taurine synthesis to meet their needs (5) . Therefore, there is a requirement for maternal-fetal transfer during pregnancy.
Taurine has been shown to be actively transported in several different tissues (Table 1) by the B-amino acid carrier or "B" carrier (6, 7) . This carrier system has been described as a sodium-dependent, saturable system (9) (10) (11) (12) (13) (14) that is dependent on cellular respiration and temperature (15) as well as an external chloride gradient (16) . The carrier is competitively inhibited by B-alanine and hypotaurine (8-9, 12, 14-16) . In some tissue taurine is transported by a dual mechanism of active transport at lower concentrations and diffusion at higher concentrations ( 15, (17) (18) (19) . The only human tissues in which taurine transport has been studied are platelets, lymphocytes, retina and, very recently, placental vesicles (14, 18-2 1). All transport taurine by a saturable, active carrier. Human platelets transfer taurine by both an active carrier mechanism and diffusion.
Little is known or understood about the mechanism by which taurine passes from the maternal to the fetal circulation. Sheep and guinea pig placenta seem not to transfer taurine (22, 23) . However, Sturman and coworkers (5, 24) have demonstrated transfer of taurine in the rat and primate by injecting the mother with [35S]-taurine and recovering it in the fetal tissue. Stegink et al. (25) have demonstrated that primate placentae not only transfer taurine from the maternal to the fetal circulation, but also achieve and maintain a fetal/maternal taurine ratio of 1. 35-1.50 . No studies of taurine transfer in the intact human placenta have been performed other than measuring the concentration of taurine in the maternal serum and cord blood either at fetoscopy (26) (fetallmaternal taurine concentration ratio: 3.65) or at the time of delivery (27, 28) (fetal/maternal taurine concentration ratios: 3.14, 2.25). However, taurine transport has been studied in placental brush-border membrane vesicles revealing an active carrier mechanism (2 1).
Most amino acids studied cross the placenta by an active transport mechanism (22, (29) (30) (31) (32) . A dual transfer phenomenon, one saturable and the other nonsaturable, has been demonstrated in human placental villous fragments, vesicles and slices (33) (34) (35) . In each of these three preparations AIB is transferred by active transport and diffusion. Uptake of alanine by human placental vesicles also exhibits two components (36) . The model of Michaelis-Menton kinetics has been used to describe the saturable component of transport for AIB (33) (34) (35) and alanine (36) in human placental tissue and the active transport of proline in human placental vesicles (37) . Three amino acid carrier systems have been described in the human placenta, the "L," "A," and "ASC" systems (38, 39) . These carriers are similar to those described in other tissues with regard to the amino acids they transport and their overlapping substrate reactivities. A "B" carrier has been demonstrated in the human placenta in one study (2 1) using brush border vesicles. This study is designed to characterize the mechanism and rates of taurine transport by the human placenta in vitro.
MATERIALS AND METHODS

Placental perfusion.
The technique of in vitro perfusion of a human placental cotyledon described by Schneider et al. (40) and Brandes et al. (4 1 ) was used with minor modification. Work (21) from this laboratory has confirmed the viability of the model (42) . To complete an experiment, a placenta is obtained immediately upon delivery, placed in iced Kreb's bicarbonate buffer and transported to the laboratory. The placenta is placed on an iced glass plate, and first degree ramifications of umbilical artery and vein are cannulated with polyvinylchloride tubing (Tygon, Norton, Akron, OH) of appropriate diameter for perfusion of the fetal circuit. The placenta is then placed fetal-side down into a 9-cm diameter plexiglass perfusion chamber, consisting of two hemichambers that are separated by the placenta, maternal-side in the upper hemichamber and the fetal side in the lower. Maternal perfusion is accomplished by a circular polyvinylchloride manifold with two input and several polyethylene output cannulae that are pressed into the maternal syncytium. Maternal perfusate returns by pressure when the chamber is sealed.
The perfusate consists of Kreb's bicarbonate buffer, 4 g/dL bovine serum albumin and 100 mg/dL of glucose. In experiments where perfusates are recirculated, washed packed red cells are added to a hematocrit of 10%. This low hematocrit was chosen to minimize problems with thrombosis in the small vessels and capillaries, whereas providing adequate oxygenation for the tissue. In several experiments antipyrine and 3H-~-glucose were used as reference molecules. Antipyrine, a readily diffusable lipophillic substance, is added to the maternal perfusate at a concentration of 12 mg/100 mL, a level at which no antipyrine metabolites are detected (43) . Antipyrine concentrations in maternal and fetal perfusates are used to calculate clearance and an exchange index, which references the exchange of any compound in question to the clearance of antipyrine, for taurine. 3 H -~-glucose, a molecule that diffuses across complex membranes via the paracellular pathway, was added to the maternal perfusate at a dose of 0.01 pCi/mL in some experiments to assess membrane integrity. Perfusates are pumped by a peristaltic pump (Harvard Apparatus, Millis, MA) at a maternal rate of 12.0 mL/min and a fetal rate of 4.2 mL/min. Flow rates are confirmed by timed collections. Oxygenation and equilibrium of COz content is accomplished by passing both perfusates through 50 m of thinwalled silastic tubing (0.058 inch inside diameter, Dow Corning, Midland, MI) enclosed in a glass vessel that is continuously gassed with humidified 95% 02:5% CO2. Maternal and fetal arterial and venous Po2 are measured intermittently, and the arteriovenous gradient is in the range of 130-140 torr. Line perfusion pressures are monitored by a mercury manometer. The pressures in the intervillous space are generally less than 10 mm Hg, whereas the fetal pressures range from 10-40 mm Hg. An infra-red radiant heater is used to rapidly warm the placenta to 38 .O"C, and perfusions are performed in a plexiglass cabinet that In all experiments 14C-[U]-taurine (Amersham Corp., Arlington Heights, IL) was used as tracer in the maternal perfusate at a concentration of 0.002 pCi/mL. 3 H -~-glucose was obtained from New England Nuclear, Boston MA. One-mL aliquots of fetal perfusate were mixed with 10 mL of commercial scintillation fluid and radioactivity was measured in a Packard 2000 CA scintillation counter (Downers Grove, IL) with automatic external quench correction and spectral bioluminescence correction. The rate of maternal to fetal transfer was calculated by: f = (dpm/mL x FR x l/SA)/g, where f = flux rate for taurine in pmol/min/g, dpm/mL = disintegrations I4C/ min/mL fetal perfusate, FR = flow rate of the fetal circuit in mL/min, SA = specific activity of taurine in the maternal perfusate in dpm/pmol, and g = dry wt of the perfused placenta in grams. Antipyrine was assayed using colorimetric methods (44) . Clearance, exchange and exchange index were calculated according to the following formulas (32) :
where C is the concentration of taurine in the fetal vein (FV) and the maternal artery (MA) and QF is the fetal flow rate. Specific experimental conditions are given with the results. Results are expressed as mean +-SE of the mean throughout. Student's t test was used when appropriate. Analysis of the radioactivity in the fetal perfusate from one experiment was performed on an ion exchange chromatographic column using a three step buffer gradient (Beckman 121-M Amino Acid Analyzer, Palo Alto, CA). The sample was split and one fraction subjected to postcolumn ninhydrin reaction to establish a retention time. Two fractions were run without the postcolumn reaction and the effluent sequentially collected and analyzed on the Packard 2000 CA scintillation counter. This analysis revealed that the [I4C] label was associated almost exclusively with taurine, indicating that the taurine was not metabolized as it was transported across the placenta.
RESULTS AND DISCUSSION
Can perjiused placenta create and maintain chemical gradient for taurine? A series of six experiments were performed to determine whether the perfused placenta could achieve and maintain a chemical gradient for taurine. The conditions of the experiments were as follows: the fetal and maternal effluent cannulae were returned to their respective perfusate reservoirs so the circuits were closed, i.e. recirculating. In three experiments the maternal and fetal perfusates were initially identical, containing 20 pM taurine with I4C-taurine tracer. In the other three experiments antipyrine and 3H-~-glucose were added to the maternal perfusate. The recirculation perfusions were maintained for 2.25 h. One-mL samples were removed from the perfusate reservoirs every 15 min for analysis.
The ratio of fetallmaternal taurine concentration steadily increased during the first 75 min and then stabilized at 1.38 a 0.14 through the remaining hour (Fig. 1 ). This gradient of 1.38 is similar to that achieved by Stegink et al. (25) in the primate placenta, which was 1.35-1.50. Such a ratio suggests the presence of an active transport component for taurine from mother to fetus. Antipyrine begins to equilibrate in the system and reaches about 60% of the maternal concentration on the fetal side by the end of each experiment. L-Glucose, an inert reference substance, is transferred much more slowly than antipyrine, plateauing at less than 20% of the maternal concentration.
To determine whether taurine may be leaking from the fetal vessels into the saline beneath the fetal surface causing the measured ratio of 1.38 to be falsely low, I4C-taurine was measured in the saline at the end of four experiments. In all these, no significant taurine leakage was detected; specifically, in the recirculating experiment only 1.6% of the fetal perfusate I4C-taurine concentration was recovered in the saline.
What are taurine flux rates in presence of chemical gradient?
An active camer mechanism is able to transport substances against a chemical gradient. Five experiments were performed to determine the rate at which taurine is transported against an increasing fetallmaternal taurine concentration gradient by measuring unidirectional maternal to fetal taurine flux rates. In addition, exchange and exchange index were calculated for taurine for three experiments. In all the experiments the fetal and maternal effluents were collected and not returned to the perfusion reservoirs, so the circuits were open, i.e. nonrecirculating.
The perfusates were identical except for the taurine concentra-. , . , . , . , . I . , . , . , . , tion, and the antipyrine added to the maternal perfusate in three experiments. I4C-taurine was added only to the maternal perfusate, and fetal eMuent was collected in 4-min fractions to determine flux rates. The maternal taurine concentration was 50 pM whereas eight fetal taurine concentrations (0, 10,25, 50,75, 100, 200, and 500 pM) were used. Each concentration was maintained for 30 min. Because steady transport rates are achieved from 8 to 16 min after perfusate concentration changes, flux rates were determined from 16 to 30 min after changes were made. A mean flux rate, exchange, and exchange index were calculated for each fetal concentration and compared.
There was no difference among mean flux rates, exchange, or exchange indices. Final means were calculated using all data points. Despite increasing the fetallmaternal gradient 10-fold, taurine was transported at a constant rate of 1.75 + 0.75 nmol/ min/g. The exchange, 0.502 f 0.035 mL/min, and exchange index, 49.1 f 7.4%, for taurine also remained constant. When comparing this exchange index to values obtained for other amino acids (19-38%) by Schneider et al. (32) , it appears that taurine is an amino acid that is readily transported, higher than glutamine with an exchange index of 38.0%, and higher than leucine at 36.0%.
These experiments were designed to examine the net transfer of taurine due to diffusion in the maternal-fetal direction. As the fetallmaternal gradient increases, the likelihood of back diffusion from the fetus to the mother increases. Although diffusion from mother to fetus can still occur at high [F]/[M] gradients, this would be small under these conditions. If the transfer of taurine were the result of diffusion, the maternal-fetal flux would decline as the fetal-maternal gradient is raised. However, flux remains constant at 1.75 k 0.75 nmol/min/g. Thus, these data suggest that most of the taurine transfer at a maternal concentration of 50 pM, which is near the Km for transport by other tissues, is probably the result of active transport.
Do B-carrier competitors inhibit taurine transport and does ouabain?
Inhibition of taurine transport was tested in a total of 23 placentae. The experimental conditions were the same as in the preceding five experiments.
B-alanine, a B-amino acid analogue of taurine, was investigated as a competitive inhibitor of taurine. B-alanine concentration ranged from 1-to 1000-fold over the concentration of taurine ( n = 13). Equimolar maternal and fetal taurine concentrations were held constant at 50, 100, or 150 pM. Flux was determined before and 16-45 min after the addition of B-alanine to the perfusate. No inhibition of taurine transport was apparent.
The taurine flux was 104.1 + 6.0% of baseline in the presence of B-alanine.
Hypotaurine, a structural analog of taurine, was tested ( n = 10) at concentrations ranging from 10-to 300-fold over the constant equimolar maternal and fetal taurine concentration of 10 pM. Again, there was no inhibition of taurine transport with taurine flux 106.0 + 7.0% of baseline without hypotaurine present.
In contrast to the B-amino carrier described in other tissues (8, 9, 12, (14) (15) (16) and in placental vesicles (21), B-alanine and hypotaurine did not inhibit taurine transport in these experiments. It is possible that the concentrations of inhibitors used were not sufficiently high to inhibit taurine transport. Kudo et al. (45) used inhibitory concentrations 1500 times that of the amino acid under investigation in amino acid inhibition experiments using microvillous membrane vesicles. We may not have seen inhibition because there are a multiplicity of transport systems for taurine in the placenta, or the camer for taurine transfer in the in vitro placenta may be specific. We conclude from these studies that taurine transport by the in vitro placenta does not show competitive inhibition by B-alanine and hypotaurine under the conditions of these experiments. To attempt resolution of these conflicting results, repetition of the work by Miyamoto et al. (2 1) is currently in progress.
Ouabain, an inhibitor of sodium-potassium ATPase, was studied in nonrecirculating experiments ( n = 3) with 100 pM maternal and fetal taurine and 250-500 pM ouabain. Inhibition of taurine transport was seen after 8-12 min, with flux being reduced by 58.1 + 5.4% of the baseline, which is similar to the ouabain inhibition of taurine transport in lymphoblastoid cells (40-50% decrease) (14) . These results suggest that the active taurine carrier is sodium-potassium ATPase dependent. However, sodium-potassium ATPase is important for maintenance of so many cellular functions that the ouabain effect on taurine transport could be an indirect one. However, it does suggest that about one half of flux at 100 pM maternal taurine is not due to simple diffusion.
Model of taurine transport by in vitro placenta. The human hemochorial placenta is a complex membrane that presents several bamers between the maternal circulation and that of the fetus. These include the maternal-facing brush border membrane of the syncytiotrophoblast and the basal membrane of the syncytium. The fetal capillary endothelial cell presents two additional membrane barriers through which substances must pass before entering the fetal blood. The active transport process may take place in any of these membranes, and the location of the active transport mechanism(s) could have a major effect on the overall process of maternal-to-fetal taurine transfer. For example, active transport occurring at the brush border or the basolateral membrane of the syncytium could drive taurine diffusion across the fetal capillary endothelium. As long as the fetal endothelial intracellular concentration is greater than the concentration in the fetal perfusate, taurine could pass the final membrane barrier by diffusion down a concentration gradient. Total placental tissue taurine concentrations have been measured and are quite high (3.5 pM/g wet wt) (26) . Taurine concentrations have not been measured in fetal capillary endothelial cells, making this theory difficult to prove. Work with microvillous membrane vesicles (21, 35-37, 45, 46) suggests that active transport carriers exist in the first maternal facing membrane, i.e., the microvillous membrane. Also, sodium-potassium ATPase is found in high concentration in the basal cell membrane of the human trophoblast and this membrane is likely to be the site of additional transport carriers (47) . Little is known about specific transport across the fetal capillary membranes. The in vitro human perfused placenta model, because of its similarity to the in situ human organ, can be used to study net fluxes from the mother to the fetus under simulated physiologic conditions. Total flux across the placenta is the sum of molecular movement across at least four membrane bamers. The model of the perfused human placenta is limited because it cannot provide specific information regarding each individual membrane. We hypothesize that both active transport and diffusion components for taurine transport exist in the human placenta. Our inability to detect inhibition of taurine transport by B-alanine and hypotaurine may be related to the complexity of the model or to its inherent limitations. Membrane isolation techniques must be used to characterize each membrane with regard to transport to fully understand the process.
CONCLUSION
Taurine is transferred from the maternal to the fetal circulation in the in vitro perfused placenta by active transport. The perfused human placenta is able to achieve and maintain a chemical gradient for taurine, and to transport against an increasing fetal/ maternal taurine concentration gradient. Our results indicate an active carrier system in the placenta similar to that found in other animal and human tissues. However, B-alanine and hypotaurine do not competitively inhibit active taurine transport in this model in contrast to the B-amino carrier as described in other tissues and in placental vesicles. Finally, ouabain inhibits the transport of taurine, implying that the active taurine carrier is sodium-potassium ATPase dependent. The full characterization of the taurine carrier in the placenta requires further investigation.
